been demonstrated that incubation with endosomal/lysosomal, but not membrane or cytosolic preparations, leads to heparanase processing and activation [11] . Likewise, heparanase processing was blocked by chloroquine and bafilomycin A1, which inhibit lysosomal proteases by raising the lysosome pH [8] . Subsequent studies employing sitedirected mutagenesis, gene silencing, and pharmacological inhibitors have identified cathepsin L as the primary lysosomal protease responsible for heparanase processing and activation [12] [13] [14] .
Efficient uptake of heparanase was evident also by GPI-deficient cells (i.e., lacking cell surface glypicans) [4] , suggesting preferential involvement of syndecans in this process. Notably, syndecan-1 and 4 are internalized by cells following addition of exogenous heparanase, co-localizing with heparanase in endocytic vesicles [4, 15, 16] . The molecular mechanism underlying internalization of the heparanase-syndecan complex, leading to heparanase processing and activation, is incompletely understood.
Internalization of syndecan ligands has been reported to occur via lipid rafts and clathrin-coated pits. For example, atherogenic lipoproteins enriched in lipoprotein lipase (LpL) are internalized via lipid rafts [17, 18] , while the Wnt modulator R-Spondin (Rspo) 3 binds syndecan-4 and induces syndecan-4-dependent, clathrin-mediated endocytosis, leading to increased Wnt signaling [19] . Similarly, heparanase seems to utilize coated pits rather than lipid rafts as the primary endocytosis route. This emerged from sucrose gradient studies in which heparanase appeared to reside predominantly in non-raft fractions following exogenous addition [20] . Very small yet detectable levels of heparanase could be identified in raft fractions before but not after treatment with methyl-β-cyclodextrin, associated with increased Akt phosphorylation in the raft microdomain [20] . In addition, the kinetics of heparanase uptake appeared very fast, and processing was evident already 15 min following addition of heparanase to mouse embryonic fibroblasts [6] , in agreement with the rapid events associated with coated pit-mediated endocytosis [21] compared with t1/2 of 1 h for internalization via lipid rafts [16, 17] . Importantly, syndecan ligands internalized via rafts (i.e., lipoproteins) are subjected to total destruction into individual amino acids [17, 18] . In contrast, the activity of at least some syndecan ligands that get internalized via clathrin coated pits is preserved and even increased (i.e., heparanase processing, Rspo3 and Wnt signaling) [19, 22] . Recently, it has been reported that cortactin mediates raft-dependent endocytosis of syndecan-1 and of a FcR-syndecan-1 chimera in hepatoma cell line, involving a new membrane-proximal motif (MKKK) within the C1 domain of syndecan-1 [23] . Given the notion that heparanase gets internalized via clathrin-coated pits, we suspected that the mechanism undelaying heparanase internalization might differ from the one utilized to internalize syndecan-1 ligands by lipid rafts [23] .
Here, we examined the role of syndecan-1 cytoplasmic domain in heparanase processing. To this end, we transfected cells with full-length mouse syndecan-1 or deletion constructs lacking the entire cytoplasmic domain (Delta), the conserved (C1 or C2), or variable (V) regions. Heparanase binding, internalization, and processing were then evaluated by immunofluorescent staining, immunoblotting, and activity assays. Heparanase uptake was markedly increased following syndecan-1 over-expression, thus challenging the notion that the HS coat saturates available space on the cell membrane and is not a limiting factor for ligand binding. In contrast, heparanase was retained at the cell membrane and its processing was impaired in cells over-expressing syndecan-1 deleted for the entire cytoplasmic tail. We have next revealed that conserved domain 2 (C2) and variable (V) regions of syndecan-1 cytoplasmic tail mediate heparanase processing. Furthermore, we found that syntenin, known to interact with syndecan C2 domain, and α actinin are essential for heparanase processing.
Materials and methods

Syndeacn-1 gene constructs
Mouse syndecan-1 cDNA was kindly provided by Dr. Ralph D. Sanderson (University of Alabama at Birmingham, Birmingham, AL). The following oligonucleotides were used to delete the entire cytoplasmic tail (Delta), the conserved (C1, C2), or variable (V) domains by PCR:
Delta: 5′-GTG GAT CCA GGG CAT AGA ATT CCT CC (forward) and 5′-CAC TCG AGC CAC CAT GAG GCG CGC (reverse); C1: 5′-CTT TCA TGC TGT ACC GGA TGT CCT TGG  AGG AGC CCA AAC (forward) and 5′-GTT TGG GCT  CCT CCA AGG ACA TCC GGT ACA GCA TGA AAG  (reverse);  C2: 5′-CCC ACC AAG CAG GAG TGA TGG GGA  AAT AG (forward) and 5′-CTA TTT CCC CAT CAC TCC  TGC TTG GTG GG (reverse);  V: 5′-GAC GAA GGC AGC TAC GAG TTC TAC GCC  TG (forward) and 5′-CAG GCG TAG AAC TCG TAG CTG  CCT TCG TC (reverse). Cells, cell culture, and cell sorting HEK-293 human embryonic kidney, U87-MG human glioma, and MDA-MB-231 human breast carcinoma cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA). Cells were grown in Dulbecco's modified Eagle's medium (Biological Industries, Beit Haemek, Israel) supplemented with 10 % fetal bovine serum and antibiotics. Cells were passed in culture no more that 2 months after being thawed from authentic stocks.
Antibodies and reagents
Rabbit polyclonal antibodies #1453 was prepared against purified latent 65-kDa heparanase [8] . Anti-heparanase monoclonal antibody was kindly provided by ImClone Systems (New York, NY, USA). Anti-heparanase-2 antibody (20C5) has been described [15] . Rat anti-mouse syndecan-1 monoclonal antibody (clone 281-2) was kindly provided by Dr. Ralph D. Sanderson (UAB). This antibody is directed against the ectodomain of mouse syndecan-1 and is suitable for flow cytometry, immune staining, and immunoblotting. Anti-vinculin and antiactin monoclonal antibodies, phalloidin-TRITC, heparin, and methyl-β-cyclodextrin were purchased from Sigma (St. Louis, MO, USA). Anti-α-actinin, anti-cortactin, anti-Rab7, and anti-Rab9 antibodies were from Cell Signaling (Beverly, MA, USA). Anti-syntenin, anti-LAMP1, and anti-Myc Tag antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Latent 65-kDa heparanase was purified from medium conditioned by HEK-293 cells over-expressing heparanase essentially as described [24] .
Cell lysates and immunoblotting
Cell extracts were prepared using a lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5 % Triton X-100, supplemented with a cocktail of protease inhibitors (Roche). Protein concentration was determined (Bradford reagent, Bio-Rad) and 30 µg of protein was resolved by SDS-PAGE under reducing conditions. After electrophoresis, proteins were transferred to PVDF membrane (Bio-Rad, Hercules, CA, USA). The membrane was probed with the appropriate antibody followed by HRP-conjugated secondary antibody and a chemiluminescent substrate (Pierce, Rockford, IL, USA), as described [15] .
Immunocytochemistry
For immunofluorescent staining, cells were fixed with cold methanol for 10 min, washed with PBS and subsequently incubated in PBS containing 10 % normal goat serum for 1 h at room temperature, followed by 2-h incubation with the indicated primary antibody. Cells were then extensively washed with PBS and incubated with the relevant Cy2/Cy3-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) for 1 h, washed and mounted (Vectashield, Vector, Burlingame, CA, USA). Staining was observed under a fluorescent confocal microscope. For actin staining, cells were fixed with 4 % paraformaldehyde, permeabilized with 0.5 % Triton X-100 for 2 min, washed and incubated with TRITC-phalloidin (Sigma) for 30 min, and visualized by confocal microscopy, as described [25] . Images were visualized using confocal microscope (LSM 700) and Zen 2009 image-acquisition and analysis software (Carl Zeiss). The intensity and scattering of heparanasepositive endocytic vesicles staining was carried out using ZEN image processing software. Staining intensity was normalized to cell area.
Gene silencing and PCR analysis
Transfection and analysis of cells following siRNA transfection were carried out essentially as described [26] . Anti-syntenin, anti-α-actinin, anti-CASK, antiRab9, anti-cortactin, and control anti-green fluorescent protein (GFP) siRNA oligonucleotides (siGENOME ON-TARGET plus SMART pool duplex) were purchased from Dharmacon (Thermo Fisher Scientific Inc, Waltham, MA, USA) and transfection was carried out with DharmaFECT3 reagent according to the manufacturer's (Dharmacon) instructions, as described [27] . Gene silencing was evaluated by immunoblotting as described above.
Heparanase activity assay Preparation of Na 2 35 SO 4 -labeled ECM-coated 35-mm dishes and determination of heparanase activity were performed essentially as described in detail elsewhere [28] . Briefly, cells (2 × 10 6 ) were lysed by three cycles of freeze/thaw, and the resulting cell extracts were incubated (18 h, 37 °C) with 35 S-labeled ECM. The incubation medium (1 ml) containing sulfate-labeled degradation fragments was subjected to gel filtration on a Sepharose CL-6B column. Fractions (0.2 ml) were eluted with PBS and their radioactivity was counted in a β-scintillation counter. Degradation fragments of HS side chains produced by heparanase are eluted at 0.5 < K av < 0.8 (peak II, fractions [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Nearly intact HSPGs released from the ECM are eluted just after the V 0 (K av < 0.2, peak I, fractions 3-12) [28] . These high molecular weight products are released by proteases that cleave the HSPG core protein. 
Results
Heparanase uptake is mediated by syndecan-1 cytoplasmic domain
In order to appreciate the significance of syndecan-1 in heparanase uptake, we transfected 293 cells with wild-type (WT) mouse syndecan-1 or deletion constructs lacking the entire cytoplasmic domain (Delta), the conserved (C1, C2), or variable (V) regions (Fig. 1a) . Since the expression levels of the syndecan-1 variants varied (Fig. 1b) , cells were sorted to obtain homogenous populations of high-expressing cells. FACS analyses of the sorted cells revealed that all syndecan-1 variants are highly expressed by over 95 % of the cells (Fig. 1c) , localizing at the cell surface (Fig. 1d) , as expected. Similar transfection, sorting, and validation approaches were carried out with U87 glioma and MDA-231 breast carcinoma cells (not shown). In U87 glioma cells, over-expression of wild-type mouse syndecan-1 was associated with a twofold increase in focal adhesions evident by vinculin staining (Suppl. Fig. 1a, b; WT; p = 0.001), thus indicating the functionality of this molecule, in agreement with the role of syndecan-1 in cell adhesion [29, 30] . Over-expression of syndecan-1 lacking the entire cytoplasmic domain or the V region resulted in decreased vinculin staining (Suppl. Fig. 1a, b ; Delta, V) (p = 0.05 and 0.01 for Mock vs. Delta and Mock vs. V region, respectively). Deletion of the C1 or C2 domains of syndecan-1 did not significantly alter the formation of focal contacts in U87 cells (Suppl. Fig. 1a, b) .
In order to examine the significance of the syndecan-1 variants in uptake, heparanase was added to cell cultures and binding, internalization, and processing were evaluated. We first examined the capacity of the syndecan variants to bind heparanase. To this end, heparanase was added to 293 cells expressing syndecan-1 variants for 1 h on ice, enabling binding but not internalization. FACS analysis indicated similar binding capacity of heparanase by all syndecan-1 variants that was increased compared with control mock transfected cells (Fig. 2a) . Immunoblotting of corresponding cultures further confirmed that deleting the entire or selected domains of syndecan-1 cytoplasmic tail did not affect its capacity to bind heparanase (Fig. 2b) . Similar experiments performed at 37 °C revealed, nonetheless, noticeable differences in heparanase binding, internalization, and processing. Overexpression of wild-type syndecan-1 resulted in a marked increase in binding of latent 65-kDa heparanase compared with control mock transfected cells (Fig. 2c , upper panel; WT). Accordingly, processing of latent heparanase and formation of the active 50-kDa subunit was increased nearly twofold in cells over-expressing wild-type syndecan-1 (Fig. 2c , middle panel; WT), increase that is statistically highly significant ( Fig. 2d ; p = 0.0009). In contrast, the levels of active (50-kDa) heparanase was markedly reduced in cells over-expressing syndecan-1 deleted of the entire cytoplasmic domain (Fig. 2c, del; Fig. 2d ). In these cells, the level of active 50-kDa heparanase was threefold lower compared with control mock transfected cells ( Fig. 2c, d ; p = 0.0005), implying that heparanase processing requires intact syndecan-1 cytoplasmic tail. Moreover, heparanase processing was reduced to the level of control cells upon deletion of the variable (V) or conserved 2 (C2) domains, and exhibiting over twofold lower levels of 50-kDa active heparanase compared with cells over-expressing WT syndecan-1 or syndecan-1 lacking the conserved 1 (C1) domain ( Fig. 2c; Fig. 2d ; p = 0.001 and p = 0.0006 for WT/C1 vs. C2 and V, respectively), pointing to specific domains of syndecan-1 that mediate heparanase processing. Likewise, heparanase activity was increased in cells over-expressing wild-type syndecan-1 but not the C2 variant (Fig. 2e) , further supporting a role for this region in heparanase activation. Binding of heparanase-2 (Hpa2), a close homolog of heparanase [31] , was similarly increased substantially following syndecan-1 over-expression (Fig. 2c, lower panel, WT) . Unlike heparanase, however, deletion of syndecan-1 cytoplasmic tail or specific domains did not affect Hpa2 binding at 37 °C (Fig. 2c, lower panel) . This result implies that syndecan-1 cytoplasmic domain is required for the internalization of selected ligands, because Hpa2 binds HSPG (i.e., syndecans) with high affinity but does not get internalized [15] . While processing of heparanase by cells lacking the entire cytoplasmic tail of syndecan-1 decreased below the levels of control mock transfected cells (Fig. 2c, middle panel) , the levels of 65-kDa latent heparanase associated with these as well as all other syndecan variants was above the levels of control (Fig. 2c, upper panel) , suggesting that heparanase internalization rather than binding was impaired. In order to better elucidate heparanase localization, U87 cells over-expressing the syndecan-1 variants were incubated with heparanase for 1 h at 37 °C, fixed, and subjected to immunofluorescent staining. Typical staining of heparanase in peri-nuclear vesicles was noted in control cells (Fig. 3, Hepa, Mock) . Heparanase staining intensity and the number of peri-nuclear vesicles was increased nearly fourfold in cells over-expressing wild-type syndecan-1 (Fig. 3a, WT, upper and second panels) determined by quantification of heparanase-positive (green) peri-nuclear vesicles (Fig. 3b, WT) , an increase that was statistically highly significant (p = 1.8 × 10 −8 ). A similar increase of heparanase internalization was noted following the addition of heparanase to MDA-MB-231 breast carcinoma cells over-expressing syndecan-1, co-localizing with syndecan in peri-nuclear vesicles (Fig. 3c, WT) . The syndecan-1-positive vesicles observed following the addition of heparanase also co-localized with LAMP1 (Fig. 3d,  Hepa) , a marker for lysosomes. In striking contrast, heparanase was mostly retained at the cell membrane in cells over-expressing syndecan-1 deleted for the entire cytoplasmic tail, co-localizing with syndecan-1 (Fig. 3a , Delta, upper panel); likewise the formation of heparanase-positive peri-nuclear vesicles in these cells was markedly reduced compared with cells over-expressing WT or C1 variants of syndecan-1, approaching the level in control cells ( Fig. 3b ; Delta; p = 0.001 for WT vs. Delta). Similarly, heparanase 4 Heparanase uptake is not mediated by cortactin. a Immunostaining. Heparanase (1 μg/ml) was added to parental U87 cells expressing endogenous levels of syndecan-1 for 2 h at 37 °C. Cells were then fixed in cold methanol and double stained for heparanase (left middle panel, red) or syndecan-1 (right middle panel, red) and cortactin (upper panels, green). Merged images are shown in the lower panels. Note co-localization of cortactin and heparanase or syndecan-1 in endocytic vesicles. b Immunoblotting. 293 cells were transfected with anti-cortactin (Cort) or control (Con) siRNA. Three days thereafter, heparanase (1 μg/ml) was added for 2 h at 37 °C and lysate samples were subjected to immunoblotting applying anti-cortactin (upper panel) and anti-heparanase (second panel) antibodies. c Heparanase (1 μg/ml) was similarly added to U87 cells for 2 h at 37 °C. Cells were then fixed and double stained with anti-heparanase (middle panels, red) and anti-Rab9 (left upper panel, green) or antiRab7 (right upper panel, green) antibodies resided predominantly at the cell membrane in cells overexpressing syndecan-1 deleted for the variable region (Fig. 3a, V, upper panel) or C2 domain (Fig. 3a, C2 , upper panel), associating with marked decrease in heparanasepositive peri-nuclear vesicles ( Fig. 3b ; p = 0.95 × 10 −8 and 1.3 × 10 −6 for WT vs. V and WT vs. C2, respectively), while deletion of the C1 domain did not affect heparanase internalization (Fig. 3a, b, C1) . These results closely mimic the FACS and immunoblotting results (Fig. 2a-d) and suggest that syndecan-1 V and C2 domains are required for internalization of heparanase and its delivery to endocytic vesicles and, subsequently, processing and activation.
Heparanase internalization and processing are mediated by syntenin and α-actinin
The requirement of syndecan-1 cytoplasmic tail for heparanase internalization noted above strongly suggests the involvement of adaptor proteins that mediate the fate (i.e., membrane-tethered vs. internalization) of the heparanasesyndecan-1 complex. We utilized immunofluorescent staining to examine whether known syndecan-1 adaptor proteins co-localize with syndecan and thus are potentially involved in heparanase uptake. We first examined the role of cortactin in heparanase uptake because Chen et al. [23] have recently shown a role for cortactin in syndecan-1-mediated endocytosis of large multivalent lipoproteins. We found that cortactin resides in peri-nuclear endocytic vesicles following addition of heparanase, co-localizing with heparanase (Fig. 4a, left panel) and syndecan-1 (Fig. 4a, right  panel) . Notably, however, heparanase processing appeared unchanged in cells treated with anti-cortactin siRNA (Fig. 4b, lower panel) , in spite of a marked reduction of cortactin expression (Fig. 4b, upper panel) . Similarly, we found that Rab9, and to a lesser extent Rab7, implicated in directing vesicles to the lysosome [32] [33] [34] , co-localize with heparanase in endocytic vesicles (Fig. 4c ), yet heparanase processing was not altered in cells treated with anti-Rab9 siRNA (Fig. 5a, Rab9) . In contrast, heparanase processing was decreased over twofold in cells treated with anti-syntenin or anti-α-actinin siRNAs (Fig. 5a) , in accordance with a 3-4-fold decrease in syntenin (Fig. 5b, upper  panel) and α-actinin (Fig. 5c, upper panel) expression. Immunofluorescent staining revealed that α-actinin colocalizes with syndecan-1 at the cell membrane (Fig. 6a) . Notably, heparanase-positive vesicles in cells treated with anti-α-actinin siRNA appeared fewer (Fig. 6b, second  panel; Fig. 6c , upper panel, α-act.; p = 0.0002), smaller, and more scattered (i.e., dispersed in the cell cytoplasm, residing also at the cell periphery compared with perinuclear accumulation in control cells) than control siRNA (Fig. 6c , lower panel; p = 1 × 10 −5 ). Similarly, decreased heparanase-positive vesicles was noted in cells treated with anti-syntenin siRNA (Fig. 6b, lower panel; Fig. 6c upper panel; p = 0.0001), thus implying that syndecan-1 binding proteins, syntenin and α-actinin, mediate heparanase processing.
Discussion
Syndecans are a family of four transmembrane proteins capable of carrying chondroitin sulfate (CS) and HS chains. The presence of HS chains allows interactions with a large number of proteins including, among others, heparin-binding growth factors, plasma proteins such as antithrombin and atherogenic lipoproteins, extracellular matrix proteins including fibronectin, and pathogens such as viruses and bacteria [35] [36] [37] [38] . Binding of many of the above ligands leads to syndecan-mediated endocytosis and catabolism, or orchestration of signaling cascades [39] . Structurally, all syndecans are composed of an extracellular domain, membrane domain, and a conserved short C-terminal cytoplasmic domain divided into the first conserved region (C1), the variable domain (V), and the second conserved region (C2). Each of these cytoplasmic domains has been shown to interact with specific adaptor molecules and to mediate cellular function [29, 30, 40, 41] , yet none of these functions had been directly linked to the process of endocytosis until recently [23] . Here, we describe for the first time a role of syntenin and α-actinin in syndecan-mediated endocytosis, leading to heparanase processing and activation. Such a mechanism may be held responsible for the uptake of other syndecan ligands, including harmful pathogens, possibly enabling intervention.
Heparanase interacts with syndecans by virtue of their HS content and the typical high affinity that exists between an enzyme and its substrate. This high-affinity interaction directs rapid and efficient cellular uptake of the heparanasesyndecan complex [4, 22] . Peptide corresponding to the heparin/HS binding domain of heparanase (termed KKDC) similarly associates with the plasma membrane and induces clustering of syndecans, resulting in Rac1 activation and improved cell spreading [9, 16, 25] . Notably, syndecan clusters formed by the KKDC peptide were exceptionally large and failed to be internalized [19, 25] . Likewise, heparanase-2 (Hpa2), a close homolog of heparanase, binds HS with high affinity but fails to get internalized [15] , implying that interaction and clustering per se are not sufficient for the internalization of syndecan and this cargo.
Over-expression of syndecan-1 resulted in a marked increase in heparanase binding (Fig. 2c, upper panel, WT) , internalization (Fig. 3a, WT) , processing (Fig. 2c, middle panel, WT) , and enzymatic activity (Fig. 2e) , suggesting that the level of cell membrane HS is a rate-limiting step for ligand binding. This stands in contrast to early observations in which internalization of bFGF appeared nonsaturable in the absence of heparin but became saturable in its presence (i.e., upon binding to bFGF high-affinity receptors) [42] . The magnitude of heparanase activation as reflected by syndecan levels may turn important in conditions where syndecan expression is altered. For example, over-expression of syndecan-1 has been observed in pancreatic, gastric, and breast carcinomas, correlating with increased tumor aggressiveness and poor clinical prognosis; syndecan-2 is often over-expressed in colon carcinoma, and syndecan-4 is up-regulated in hepatocellular carcinoma [29] , possibly leading to increased heparanase uptake and activation. Indeed, heparanase expression in these carcinomas most often coincides with disease progression and reduced patient survival [22, 43, 44] . In other cases (i.e., head and neck and lung carcinomas, laryngeal cancer, malignant mesothelioma), however, loss of syndecan-1 expression was associated with disease progression [29, 39] , thus illustrating the complexity of HS function in cancer and possibly a redundancy among HSPGs.
While heparanase binds all the syndecan-1 variants to comparable extent when incubated on ice (Fig. 2a, b) , internalization of the heparanase-syndecan-1 complex appears to require specific domains of the syndecan-1 cytoplasmic tail. A marked increase in heparanase-positive endocytic vesicles is observed in cells over-expressing wildtype syndecan-1 (Fig. 3a, b , WT) compared with control cells (Fig. 3a, b, Mock) . In striking contrast, heparanase is retained on the cell membrane, co-localizing with syndecan-1 lacking the cytoplasmic tail (Fig. 3a, Delta) . The low level of heparanase-positive peri-nuclear vesicles observed in these and control (Mock) cells is due to endogenous syndecans [8] . Interestingly, the membrane-tethered 65-kDa heparanase appears unstable because its level is reduced substantially compared with cells over-expressing wildtype syndecan-1 (Fig. 2c, upper panel, WT vs. del), in contrast with comparable binding capacity at conditions (4 °C) that prevent internalization (Fig. 2a, b) . A similar decrease was noted for membrane-tethered hparanase-2 [15] , suggesting that syndecan ligands that fail to get internalized are removed by extracellular proteases or sheddases. Studies aimed to identify such a protease/sheddase are currently in progress.
Importantly, heparanase was retained at the cell membrane and its internalization was impaired upon deletion of the V region or C2 domain of syndecan-1 (Fig. 3, C2, V) , accompanied by reduced heparanase-positive peri-nuclear endocytic vesicles (Fig. 3b) and heparanase processing into 50-kDa active enzyme (Fig. 2c, d) . These results thus suggest that the C2 and V regions of syndecan-1 play a role in heparanase endocytosis and activation (Fig. 2d) and led us to search for adaptor proteins that mediate syndecan-1 endocytosis.
Unlike large, multivalent lipoproteins [23] , heparanase seems to utilize coated pits rather than rafts as the primary endocytosis route. This was concluded from sucrose gradient studies following heparanase uptake, where heparanase appeared to reside predominantly in non-raft fractions [20] . Similarly, we have found that heparanase uptake is decreased following potassium or sucrose depletion, conditions that disrupt coated pits [45] , while treatment with methyl-β-cyclodextrin that depletes cholesterol and disrupts rafts formation did not significantly reduce heparanase uptake (data not shown).
In Xenopus, syndecan-4 was reported to utilize clathrincoated pits-mediated endocytosis of Wnt ligand, Rspo3, to promote Wnt activation and signaling [19] . In this system, blocking clathrin-mediated endocytosis was also associated with accumulation of the Rspo3 on the cell surface and reduced Wnt signaling (i.e., JNK activation [19] ), closely resembling the accumulation of heparanase on the surface of Delta, C2, and V syndecan mutant cells (Fig. 3a) . Thus, syndecans gets internalized via diverse routes depending on their ligand cargo, utilizing different syndecan-1 domains and adaptor molecule. Clearly, large multivalent ligands such as certain lipoproteins elicit syndecan-1 internalization via rafts that involves Erk and Src signaling because inhibitor of these kinases attenuated the internalization while ligand binding was not changed [23] . Most importantly, alanine scanning mutagenesis of the syndecan-1 cytoplasmic tail identified a novel juxtamembrane motif within the C1 domain, MKKK, that was the only region required for efficient endocytosis after clustering [23] . The mechanism by which the MKKK motif elicits endocytosis of syndecan following clustering was elucidated to high resolution and involves two stages. In the initial phase, ligands trigger rapid MKKK-dependent activation of Erk and the localization of syndecan-1 into rafts; in the second phase, syndecan-1 gets phosphorylated by Src kinase in a manner that also requires the MKKK motif [23] . These signaling events are accompanied by dissociation of syndecan-1 from α-tubulin and subsequently the recruitment of cortactin that was found to be an essential mediator of efficient actin-mediated endocytosis [23] .
Although our current studies co-localized cortactin with heparanase and with syndecan-1 in endocytic vesicles, cortactin did not appear to be involved in syndecanmediated endocytosis of heparanase because processing of the enzyme was indistinguishable in magnitude following cortactin gene silencing (Fig. 4a, b) . Thus, co-localization with cortactin is consistent with prior literature [23] , and the lack of an effect of cortactin knock-down on heparanase processing is consistent with the lack of a role for the C1 domain (where the cortactin-binding sequence, MKKK, is found) in our experimental setting (Figs. 2, 3) . Similarly, gene silencing of Rab9 that co-localized with heparanase in endocytic vesicles (Fig. 4c) and of CASK, known to bind the C2 domain of syndecan, had no effect on heparanase uptake (Fig. 5a ). In contrast, heparanase processing was found to be mediated by the syndecan-1 adaptor molecule syntenin and α-actinin (Fig. 5a ). α-actinin was co-localized with syndecan-1 at the cell membrane (Fig. 6a) . Importantly, α-actinin gene silencing was associated with reduced and more diffused heparanase-positive endocytic vesicles (Fig. 6b, c) , possibly due to disruption of syndecan-1 interaction with the actin cytoskeleton. This complies with previous results in which heparanase uptake was significantly reduced following disruption of the actin, but not microtubules, cytoskeleton [6] . Syntenin is a PDZdomain-containing protein that was originally identified as a melanoma differentiation-associated gene (mda-9). Subsequently, syntenin has been shown to interact with a plethora of proteins including the C2 domain of syndecans [46] . This interaction appears not to be responsible for syndecan internalization but rather syndecan recycling back to the plasma membrane [47] . Reduced heparanase uptake following syntenin gene silencing (Fig. 6b, c) suggests that this adaptor molecule is more directly involved in syndecan-mediated endocytosis, in agreement with the necessity of the C2 domain of syndecan-1 for heparanase uptake (Figs. 2, 3) . Notably, the decreases in heparanase processing following syntenin or α-actinin gene silencing exceeded the reduction of internalization (Fig. 5a vs.  Fig. 6c ), suggesting that syntenin and α-actinin may direct heparanase to the lysosome. This is supported by the scattered appearance of heparanase-positive vesicles following α-actinin gene silencing (Fig. 6d) . Interestingly, syntenin expression is increased in metastatic cell lines. Furthermore, over-expression of syntenin in non-metastatic cells resulted in increased cell motility, anchorage-independent growth, and spontaneous melanoma metastasis to the lungs [46, 48] , closely resembling the role of heparanase in tumor progression [32, 34, 35] . This may imply that like syndecan, syntenin levels may promote tumor progression by modulating heparanase uptake, activation, and extracellular retention.
These results suggest that heparanase utilizes a raftindependent route for internalization by syndecan-1 that leads to processing rather than total destruction in lysosomes. Thus, at least two different syndecan-1-mediated endocytic pathways exists, one that relies on the C1 domain and utilizes a rafts-MKKK-cortactin axis [23] and a second, raft-independent, route that is mediated by the C2 and V domains of syndecan-1 and involves α-actinin and syntenin, leading to heparanase processing and activation.
